Introduction
There is extensive literature on management regarding ecosystems and resources within them (e.g. Christensen et al., 1996; Mangel et al., 1996; Fowler, 1999, in press ). In summarizing this work, Fowler et al. (1999) list at least nine essential criteria that must be met by management. Briefly, these criteria require that management must: (1) be consistent and be applied simultaneously at the various levels of biological organization, so that the harvest of individual species is consistent with total harvests from ecosystems; (2) account for reality and uncertainty, including the various scales of time, space, and biological organization, environmental factors, stochasticity, and the diversity of processes, mechanics, and dynamics, even if they have not been, or cannot be, discovered; (3) result in systems and their components (e.g. ecosystems and species) within their normal ranges of natural variation; (4) be risk-averse in exercising precaution to achieve sustainability. (Sustainability has many facets with differing definitions in the literature. Basically, it involves persistence and endurance of systems along with that of their component elements, processes, and interrelationships.); (5) be based on information and find useful information through interdisciplinary approaches; (6) include research, monitoring, and assessment; (7) have clearly defined and measurable standards of reference, goals, and objectives; (8) recognize that control over human action is a more realistic option than is control over other species and ecosystems; and (9) allow humans to be components in, and influence, at least some ecosystems.
While useful, these criteria serve better to eliminate options than to specify an acceptable management strategy (i.e. they are more proscriptive than prescriptive). Existing forms of management fail to conform to one or more of these criteria in spite of the need to meet all nine simultaneously. It has been suggested that the solution to the difficulty of adhering to all nine criteria is to conduct management that follows the example of other species (Fowler, 1999, in press; Fowler et al., 1999) . This approach treats species as empirical models of sustainability. I provide another example of this approach as it applies to regulating the take (''harvest'' or consumption) of biomass in multispecies fisheries. The approach applies equally well in management regarding individual species, ecosystems, or the biosphere (Fowler, 1999, in press; Fowler et al., 1999) .
Multi-species fishery management
Managers face many questions in regard to harvesting any group of resource species. What is the most sustainable total rate of biomass harvest? How should the total harvest be allocated among the species? Such questions can be addressed by following examples provided by other species. The first step is to examine relevant empirical information provided by other species.
Consider first a group of four resource species of fish in the Northwest Atlantic. Figure 1 is a frequency distribution showing estimated rates of consumption by 16 species of marine mammals, seabirds, and fish feeding on these four species within that ecosystem. Information for each predator is represented in its contribution to the height of the bar corresponding to the total biomass it is estimated to consume from the four resource species as an aggregate (log 10 metric tons, Overholtz et al., 1991) . The specific data are presented in Table 1 . These species are empirical examples of sustainability within their environment. Therefore, Figure 1 and Table 1 provide information related to the first question.
Variability in allocation as it would apply to three of these prey species is shown in Figure 2 . The consumption by each predator is represented by the biomass Overholtz et al., 1991) . Spiny dogfish are the other species that consumes enough to fall in the same category as humans following recent human influence on this ecosystem. Allocation for each predator species is expressed as the arcsine transformation of the fraction of the biomass consumed from all three species that comes from the indicated resource species (cf. Table 1 ; from Overholtz et al., 1991) .
consumed from the prey indicated, but it is expressed as a portion of the biomass consumed from all three selected resource species. Each consuming species represented contributes to the height of the bar that corresponds to the portion of its consumption consisting of the indicated prey. Again, the patterns represent information about naturally occurring sustainability, here related to the second question, that of allocation. A second example is provided by considering all finfish as a group of species in the eastern Bering Sea. Consumption rates by marine mammals feeding on finfish in this ecosystem are shown in Figure 3 . These data are similar to those of Figure 1 , again showing variation and its limits for consumption rates among natural predators. If data were available for each individual prey species, graphs and tables such as those above could be determined for any subset of species within any ecosystem for both rate of total consumption and its allocation.
How can management be based on such information? Simply, by adhering to the combination of criteria 3, 8, and 9. Managers would avoid the extremes of natural variation by confining total takes by fisheries from the four Northwest Atlantic species listed (Table 1) close to the averages of, and certainly well within the bounds of, the normal range of natural variation (Fig. 1) . They would do the same for the total takes of all fish in the eastern Bering Sea (Fig. 3) . The consuming species represent empirically proven sustainability and, following their example, ensures that humans consume sustainably. This addresses the first question.
With an estimate of sustainable total catch, commercial fisheries would be regulated to mimic the allocation of consumption among the prey species by natural predators. As in the case of total catch, allocation would require commercial fisheries to fall well within the normal range of natural variation (Fig. 2) to address the Figure 3 . Frequency distribution of the total annual consumption from all fish species (Osteichthyes, log 10 tonnes) in the eastern Bering Sea by marine mammal species (after Perez and McAlister, 1993; Fowler and Perez, in press ) in comparison to recent harvests by commercial fisheries.
second question. Again, central tendencies among appropriate data would provide specific targets (e.g. the means of Table 1 ). The concept of using other species as empirical examples of sustainability may seem simple. Its application, however, is extremely difficult, mostly because of the extent of change required. Part of the challenge, however, is encountered in dealing with other management criteria, as discussed in the next section. Other problems relate to the quality of data, as discussed later.
Adhering to management criteria Fowler et al. (1999) and Fowler (1999) indicate that management as briefly described above meets all nine criteria. As exemplified here, commercial fisheries would be constrained (criterion 8) to prevent falling outside the normal range of natural variation (criterion 3). But fisheries would not be prohibited (criterion 9), because zero takes do not sustain a fishery. Adhering to criterion 3 is also risk-averse and precautionary (criterion 4). This is because commercial harvests confined to levels near such central tendencies of distributions (Figs 1-3) would avoid the collective risks and constraints that have prevented the accumulation of species in the tails of such distributions. Therefore, sustainability (criterion 4) is more likely in the central regions of species frequency distributions than it is in the tails. Furthermore, measures of the central tendencies of such frequency distributions are specific measures to serve as standards of reference and define goals or objectives for management (criteria 5 and 7). These are exemplified by averages. For example, mean dietary composition can be used for allocation of catch among alternative species in a resource complex. These are shown in the lower section of Table 1 for the first example above (e.g. about 75% of the advisable take from these three species of fishery resources would be mackerel).
Management of a group of species must be consistent with management at other levels of biological organization (criterion 1). That is, the catch from any individual species in a group must not fall outside the normal range of natural variation among rates of consumption by the predators of that species (Fowler, 1999) . All criteria, and particularly criterion 3, must also be met at the ecosystem level. Here, the total catch from all three commercial species of the first example (and all species of fish harvested in the second) must also fall within the normal range of natural variation for total consumption from the ecosystem in which these species occur Fowler, in press ).
Adhering to criterion 2 would seem impossible, especially attempts to account for the unknown and unknowable, the ultimate of uncertainty. However, the species in frequency distributions such as those shown are species that exist in an environment of complexity. They are embedded in reality. Species serve as experiments in the trial-and-error process of natural selection in exposure to reality, including things for which there is no way of understanding. Each species is analogous to a physical Bayesian model (Fowler, in press) tested against reality and the uncertainty involved. Species frequency distributions represent the integrated results of this Bayesian-like trial-and-error process, although existing data are preliminary. Nevertheless, various temporal and spatial scales and elements of complexity are accounted for in this approach . Temporal factors are involved in the evolutionary dynamics that contribute to the location of species in frequency distributions. Both classical individual selection and the dynamics of selective extinction and speciation (Lewontin, 1970; Slatkin, 1981; Arnold and Fristrup, 1982; Fowler and MacMahon, 1982; Levinton, 1988; Eldredge, 1989; Williams, 1992; Fowler, in press) are involved. Extinction is among the risks that prevent the accumulation of species in the tails (and beyond) of such distributions. All forms of selection occur in response to the variety of factors making up the reality (criterion 2) to which species are exposed.
Management based on empirical examples of sustainability not only can, but (for consistency) should, be applied at a variety of levels (criterion 1), including single-species (Fowler, 1999) and ecosystems . This paper adds to this list by including application to species assemblages within ecosystems. Nevertheless, it applies much more broadly (Fowler, in press ). For example, sand eels could be included in the allocation of the first example. The species group could have been any two-or three-species combination of the four shown in Table 1 . Other species could have been included, as in the case for all fish species in the second example. For both ecosystems, the group could have been defined as all species at a particular trophic level, or a taxonomic group. Therefore, there are many options for application. These go beyond the examples listed above and include the options of addressing other questions. Such questions can involve a variety of issues, including habitat, timing of harvests, age-specific harvest rates, and life history strategies. This completes fulfilment of criteria 1 and 2.
Finally, criterion 6 is met through studies necessary to produce information (specifically data for species frequency distributions) and to monitor change.
The challenge of application
Although there is a brief description and examples of an approach that meets the criteria for acceptable management and that helps set goals and objectives at a strategic level, there are immense difficulties to be faced in its implementation at a more tactical level. Existing data are subject to bias and misinterpretation. Most difficult, however, is the problem of change required to achieve sustainability.
Existing data are clearly imperfect. Frequency distributions would be more informative if they were constructed with averages from data collected over longer spans of time. Patterns across space would help gain an appreciation of consistency, especially in regard to environmental factors, such as temperature. Scientists are faced with an enormous challenge to provide such information.
Interdisciplinary efforts will be necessary to produce more useful data. For example, it is imperative that account be taken of bias. In principle, it is important to have data representing systems unaffected by abnormal human influence . The information in Figures 1-3 is not free of such influence. Influences include the cumulative effects of whaling, other fisheries and factors such as pollution, and any anthropogenic climate change. Changes introduced to such distributions by human influence include increased variation, biased mean or modified shape (Barrett and Rosenberg, 1981; Odum, 1985; Rapport et al., 1985; Calow and Berry, 1989; Myers, 1989; Turner et al., 1990; Woodwell, 1990) .
Frequency distributions themselves are dynamic and measurement error contributes to variance. Therefore, Figures 1-3 are only samples of a naturally dynamic system for which measurement is prone to human error in addition to the critically important effects of process variation. It is important to have information about the consistency and patterns among such distributions over time, space, and environmental factors.
Beyond data quality, however, is another problem: interpretation. Anyone can be misled by superficial consideration. For example, humans are large-bodied homeotherms. Fish are heterotherms and usually smaller than humans. Therefore, fish may be less useful as examples of sustainability than would be species more similar to humans, such as small cetaceans . It is important to account for such factors. This can be done when correlative relationships are involved. For example, effects can be dealt with in the current example if there are correlations in which consumption rates are related to factors such as trophic level, body size or metabolic rate. If there are no correlations, the issue of related bias may be of less concern. Extensive research would be required to produce data that provide an adequate picture of the pertinent normal ranges of natural variation.
Finally, there is the major challenge of implementation, an extremely difficult proposition. Management will often require major reductions in harvests by commercial fisheries to correspond to the mean of consumption rates among non-human predators. Sustainable harvests would appear to be less than 10% of harvests permitted historically for both cases above. Therefore, to move humans to central positions in Figures 1 and 3 would involve major change. This point begins to emphasize the complexity being dealt with. Similar points are made in application to ecosystems and single species (Fowler, 1999; Fowler et al., 1999) as well as in addressing other management questions. However, overfishing is a problem (e.g. see Rosenberg et al., 1993) and to avoid making changes in management continues to perpetuate the problems existing forms of management tend to create. Replacing competing species at abnormally high rates instead of using them as examples of sustainability has ecosystem consequences that few, if any, are prepared to face.
Discussion
Other papers (Fowler, 1999; Fowler et al., 1999) have articulated management using non-human species as natural empirical examples of sustainability, but none can claim that the human species (through commercial fishing in this example) is operating sustainably. Species such as the spiny dogfish and humans, which may remain only briefly in the tails of frequency distributions, are not the best of examples. The constraints of nature must be recognized.
Burden of proof now becomes important (Mangel et al., 1996; Dayton, 1998) . The empirical examples of consumption exhibited by non-human predators are clearly better proof of sustainable options than harvest rates derived from models that inadequately represent complex systems. For example, rates of maximum sustainable yield (MSY) based on population dynamics will be consistently higher than the mean of empirical examples of consumption rates among non-human species. There are generally economic, historical, or cultural reasons for demanding larger harvests. In such cases, the responsibility becomes one of demonstrating that sustainability is maximized for harvest levels different from those corresponding to the central tendencies of unbiased frequency distributions. Proceeding otherwise is not precautionary.
Managers dare not wait until scientists can produce perfect data to begin making the changes required to achieve sustainability. Research must focus on improving data. However, a start can be made with the preliminary information found in the frequency distributions shown. All of the criteria established for management can be satisfied by proceeding with the changes in management required to implement the approach described above and conducting research to improve the information upon which such management would be based. It is also important to extend the approach to other levels of biological organization and to other ways of measuring species (Fowler, in press; Fowler and Perez, in press) to adhere further to criteria 1 and 2.
It is impossible to ignore the difficulty behind the acceptance and implementation of such management. The challenge of integrating such an approach into the management process is part of complexity. Carrying out extensive reductions in commercial fishing rates will be even more difficult than obtaining the funding and conducting the studies necessary to provide more reliable information. There are institutional, social, economic, political, and behavioural challenges that are beyond comprehension. Such challenges, however, are less a justification for inaction than they are an indication of the size of the problems that require solution.
